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Specification 

MOTOR DRIVING APPARATUS 
Field of the Invention 
[0001] 

5 The present invention relates to a motor driving 

apparatus . 

Background of the Invention 
[0002] 

As an example of prior art motor driving apparatus used 
10 for an electric vehicle or HEV (Hybrid Electric Vehicle) , there 
is a motor driving apparatus disclosed by patent reference 1. 
This motor driving apparatus is provided with a motor, an 
inverter for converting direct current power into AC power, a 
high-voltage battery, a DC/DC converter, and a DC link capacitor, 
15 The DC/DC converter raises a voltage furnished from the 
high-voltage battery and furnishes direct current power to the 
inverter at the time of power running, and lowers the direct 
current power outputted from the inverter and furnishes it to 
the high-voltage battery at the time of regeneration. The DC 
20 link capacitor is comprised of a plurality of capacitors and 
is arranged between the DC/DC converter and the inverter so as 
to smooth the direct current voltage. 
[0003] 

Patent reference 1: JP, 8-214592, A 

25 [0004] 

When the prior art motor driving apparatus is so 
constructed that the inverter, DC/DC converter, and DC link 
capacitor are modularized into one power converter in order to 
downsize the motor driving apparatus, a current pulse outputted 
30 from the DC/DC converter to the DC link capacitor and an 



2 

alternating current pulse furnished from the DC link capacitor 
to the inverter influence each other, and therefore a ripple 
current which flows into the DC link capacitor increases. When 
the related art motor driving apparatus is so constructed that 
5 an amount of ripple current which flows into each capacitor is 
equal to or less than an allowed value in order to secure the 
life of the DC link capacitor, there is a problem that the DC 
link capacitor increases in size and hence the whole apparatus 
increases in size. 
10 [0005] 

The present invention is made in order to solve the 
above-mentioned problems, and it is therefore an object of the 
present invention to provide a motor driving apparatus which 
minimizes a ripple current which flows into a DC link capacitor 
15 thereof, and which decreases in size. 
Disclosure of the Invention 
[0006] 

In accordance with the present invention, there is 
provided a motor driving apparatus including a power supply 

20 source, a DC/DC converter, an inverter, and a DC link capacitor, 
the DC link capacitor being connected between the inverter and 
the DC/DC converter and smoothing a voltage applied thereto, 
in which the motor driving apparatus makes the frequency of an 
inverter carrier signal for driving the inverter be 

25 synchronized with that of a DC/DC converter carrier signal for 
driving the DC/DC converter, and controls a phase difference 
between both the carrier signals based on a ratio of an input 
voltage inputted to the DC /DC converter and an input voltage 
inputted to the inverter. 

30 Thus, the motor driving apparatus makes the frequency of 



the inverter carrier signal be synchronized with that of the 
DC/DC converter carrier signal, and determines the phase 
difference between both the carrier signals based on either the 
ratio of the input voltage inputted to the DC /DC converter and 
the input voltage inputted to the inverter, or the ratio of the 
above-mentioned input voltages and a percentage of modulation 
and a power factor which are driving parameters of the inverter. 
Therefore, the ripple current which flows into the DC link 
capacitor can be reduced to a minimum, and the motor driving 
apparatus can be downsized. 
Brief Description of the Figures 
[0007] 

[Fig. 1] Fig. 1 is a diagram showing the structure of a motor 
driving apparatus in accordance with embodiment 1 of the present 
invention; 

[Fig. 2] Fig. 2 is a diagram showing the structure of an inverter 
in accordance with embodiment 1 of the present invention; 
[Fig. 3] Fig. 3 is a diagram for explaining an operation of the 
inverter; 

[Fig. 4] Fig. 4 is a diagram for explaining a voltage raising 
operation of a DC/DC converter; 

[Fig. 5] Fig. 5 is a diagram for explaining a voltage lowering 
operation of the DC/DC converter; 

[Fig. 6] Fig. 6 is a diagram for explaining a ripple current 
which flows into a DC link capacitor; 

[Fig. 7] Fig. 7 is a diagram for explaining the ripple current 
which flows into the DC link capacitor at a time of changing 
a phase difference between a carrier signal of the DC/DC 
converter, and a carrier signal of the inverter; 
[Fig. 8] Fig. 8 is a diagram showing a relationship between the 
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phase difference between the carrier signal of the DC/DC 
converter and the carrier signal of the inverter, and the ripple 
current value which flows into the DC link capacitor under 
various conditions in the motor driving apparatus in accordance 
5 with embodiment 1 of the present invention; 

[Fig. 9] Fig. 9 is a diagram showing a relationship between the 
phase difference between the carrier signal of the DC/DC 
converter and the carrier signal of the inverter, and the ripple 
current value which flows into the DC link capacitor under 
10 various conditions in the motor driving apparatus in accordance 
with embodiment 1 of the present invention; 

[Fig. 10] Fig. 10 is a diagram showing a relationship between 
the phase difference between the carrier signal of the DC/DC 
converter and the carrier signal of the inverter, and the ripple 
15 current value which flows into the DC link capacitor under 
various conditions in the motor driving apparatus in accordance 
with embodiment 1 of the present invention; 

[Fig. 11] Fig. 11 is a diagram showing a relationship between 
the phase difference between the carrier signal of the DC/DC 
20 converter and the carrier signal of the inverter, and the ripple 
current value which flows into the DC link capacitor under 
various conditions in the motor driving apparatus in accordance 
with embodiment 1 of the present invention; 

[Fig. 12] Fig. 12 is a diagram showing a relationship between 
25 the phase difference between the carrier signal of the DC/DC 
converter and the carrier signal of the inverter, and the ripple 
current value which flows into the DC link capacitor under 
various conditions in the motor driving apparatus in accordance 
with embodiment 1 of the present invention; 
30 [Fig. 13] Fig. 13 is a diagram showing an optimal phase 
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difference between the carrier signal of the DC/DC converter 
and the carrier signal of the inverter which depends on a voltage 
raising ratio; 

[Fig. 14] Fig. 14 is a diagram showing a relationship between 
5 a phase difference between a carrier signal of a DC/DC converter 
and a carrier signal of an inverter, and a ripple current value 
which flows into a DC link capacitor under various conditions 
in a motor driving apparatus in accordance with embodiment 2 
of the present invention; 
10 [Fig, 15] Fig. 15 is a diagram showing the structure of a motor 
driving apparatus in accordance with embodiment 3 of the present 
invention; 

[Fig. 16] Fig. 16 is a diagram for explaining a voltage raising 
operation of a DC/DC converter; 
15 [Fig. 17] Fig. 17 is a diagram showing a relationship between 
a carrier signal of an inverter and a carrier signal of the DC/DC 
converter; 

[Fig. 18] Fig. 18 is a diagram showing a relationship between 
a phase difference between the carrier signal of the inverter 

20 and the carrier signal of the DC/DC converter, and a ripple 
current which flows into a DC link capacitor; 
[Fig. 19] Fig. 19 is a diagram showing a relationship between 
a percentage of modulation and a power factor of the inverter, 
and an optimal phase difference; 

25 [Fig. 20] Fig. 20 is a diagram showing an optimal phase 
difference between a carrier signal of a DC/DC converter and 
a carrier signal of an inverter which depends on a voltage 
raising ratio, in a motor driving apparatus in accordance with 
embodiment 3 ; 

30 [Fig. 21] Fig. 21 is a diagram showing a relationship between 
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the carrier signal of the inverter and the carrier signal of 
the DC/DC converter; 

[Fig. 22] Fig. 22 is a diagram showing a relationship between 
A91 and a ripple current which flows into a DC link capacitor; 
5 [Fig. 23] Fig. 23 is a diagram showing a relationship between 
A92 and the ripple current which flows into the DC link 
capacitor; 

[Fig. 24] Fig. 24 is a diagram showing a relationship between 
a percentage of modulation at each power factor, and an optimum 
10 value of AGl; 

[Fig. 25] Fig. 25 is a diagram showing a relationship between 
the percentage of modulation at each power factor, and an 
optimum value of A92; 

[Fig. 26] Fig. 26 is a diagram showing a relationship between 
15 a voltage raising ratio and an optimal difference value of A91 
in a motor driving apparatus in accordance with embodiment 4 ; 
and 

[Fig. 27] Fig. 27 is a diagram showing a relationship between 
a percentage of modulation and an optimal difference value of 
20 A92 at a time of setting A91 to the optimal difference value 
in the motor driving apparatus in accordance with embodiment 
4. 

Preferred Embodiments of the Invention 
[0008] 

25 Hereafter, in order to explain this invention in greater 

detail, the preferred embodiments of the present invention will 
be described with reference to the accompanying drawings. 
Embodiment 1 . 

Fig- 1 is a diagram showing the structure of a motor 
30 driving apparatus 100 in accordance with embodiment 1 of the 
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present invention. The motor driving apparatus 100 is used for 
an electric vehicle or HEV, As shown in the figure, the motor 
driving apparatus 100 is provided with a motor 10 for vehicle 
drive, an inverter 20, a DC link capacitor 30, a DC/DC converter 
5 40, a high-voltage battery (i.e., a power supply source) 50 of 
lOOV to 300V, and a control circuit 60. 
[0009] 

The DC/DC converter 40 is provided with semiconductor 
switches (e.g., IGBTs: Insulated Gate Bipolar Transistors) SH 
10 and SL, diodes DH and DL, a choke coil L, and an input voltage 
smoothing capacitor Cin. 
[0010] 

The collector terminals of the semiconductor switches SH 
and SL are connected to the cathode terminals of the diodes DH 
15 and DL, respectively, and the emitter terminals of the 
semiconductor switches SH and SL are connected to the anode 
terminals of the diodes DH and DL, respectively. 
[0011] 

The collector terminal of the switch SH is connected to 
20 one terminal of the DC link capacitor 30 and a P terminal of 
the inverter 20, and the emitter terminal of the semiconductor 
switch SH is connected to the collector terminal of the switch 
SL and one terminal of the choke coil L. 
[0012] 

25 The other terminal of the choke coil L is connected to 

one terminal of the input voltage smoothing capacitor Cin and 
the positive terminal of the high-voltage battery 50. The 
negative terminal of the high-voltage battery 50 is connected 
to the other terminal of the input voltage smoothing capacitor 

30 Cin, the emitter terminal of the switch SL, the other terminal 
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of the DC link capacitor 30^ and an N terminal of the inverter 
20. 

[0013] 

A U-phase terminal, a V-phase terminal, and a W-phase 
5 terminal which are output terminals of the inverter 20 are 
connected to a U-phase motor terminal, a V-phase motor terminal, 
and a W-phase motor terminal which are contact terminals of the 
motor for vehicle drive 10, respectively. 
[0014] 

10 Fig. 2 is a diagram showing the structure of the inverter 

20. As shown in the figure, the inverter 20 is provided with 
semiconductor switches (e.g., IGBTs) SuH, SvH, SwH, SuL, SvL, 
and SwL, and diodes DuH, DvH, DwH, DuL, DvL, and DwL. 
[0015] 

15 The collector terminals of the semiconductor switches SuH, 

SvH, SwH, SuL, SvL, and SwL are connected to the cathode 
terminals of the diodes DuH, DvH, DwH, DuL, DvL, and DwL, 
respectively, and the emitter terminals of the semiconductor 
switches SuH, SvH, SwH, SuL, SvL, and SwL aire connected to the 

20 anode terminals of the diodes DuH, DvH, DwH, DuL, DvL, and DwL, 
respectively . 
[0016] 

The collector terminal of the switch SuH is connected to 
the P terminal, the emitter terminal of the switch SuH is 
25 connected to the collector terminal of the switch SuL and the 
U-phase terminal, and the emitter terminal of the switch SuL 
is connected to the N terminal, so that a U-phase arm is 
constructed. 

Similarly, the collector terminal of the switch SvH is 
30 connected to the P terminal, the emitter terminal of the switch 
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SvH is connected to the collector terminal of the switch SvL 
and the V-phase terminal, and the emitter terminal of the switch 
SvL is connected to the N terminal, so that a V-phase arm is 
constructed. 

5 Furthermore, the collector terminal of the switch SwH is 

connected to the P terminal, the emitter terminal of the switch 
SwH is connected to the collector terminal of the switch SwL 
and the W-phase terminal, and the emitter terminal of the switch 
SwL is connected to the N terminal, so that a W-phase arm is 
10 constructed. 
[0017] 

Next, the operation of the motor driving apparatus in 
accordance with this embodiment of the present invention will 
be explained. 

15 Signals Guh, Gul, Gvh, Gvl, Gwh, and Gwl which are 

outputted from the control circuit 60 are outputted in a state 
where they are converted into signals each having a voltage 
commensurate with its input voltage level, and those signals 
are furnished to the gates of the semiconductor switches SuH, 

20 SuL, SvH, SvL, SwH, and SwL of the inverter 20, respectively. 
[0018] 

Signals Gh and Gl are also outputted from the control 
circuit 60 in a state where they are similarly converted into 
signals each having a voltage commensurate with its input 
25 voltage level, and are furnished to the gates of the switches 
SH and SL of the DC/DC converter 40, respectively. 
[0019] 

The signals Guh, Gul, Gvh, Gvl, Gwh, and Gwl control the 
semiconductor switches SuH, SuL, SvH, SvL, SwH, and SwL, 
30 respectively, and the inverter 20 converts a direct current 
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voltage furnished thereto via the DC/DC converter 40 from the 
high-voltage battery 50 into an alternating voltage and 
furnishes it to the motor for vehicle drive 10 according to the 
controlling by the signals. 
5 [0020] 

When a voltage generated by the motor for vehicle drive 
10 becomes higher than the voltage furnished by the high-voltage 
battery 50, the inverter 20 converts the alternating voltage 
from the motor for vehicle drive 10 into a direct current voltage 
10 under the control of the control circuit 60, and furnishes the 
direct current voltage to the high-voltage battery 50, 
[0021] 

A voltage across the DC link capacitor 30 , a voltage across 
the input voltage smoothing capacitor Cin (= the voltage of the 
15 high-voltage battery 50), and U-phase, V-phase, and W-phase 
current values of the inverter 2 0 are furnished to the control 
circuit 60, and are used for controlling the inverter 20 and 
DC/DC converter 40. 
[0022] 

20 Next, an operation of the inverter 20 will be explained. 

Fig. 3 is a diagram for explaining the operation of the 
inverter 20. In the figure, the waveform of a carrier signal 
of the inverter 20, the waveforms of U-phase, V-phase, and 
W-phase fundamental wave signals (i.e., indicated voltage 

25 values) , the signals Guh, Gvh, and Gwh which are generated based 
on a comparison between the carrier signal and the fundamental 
wave signals, U-phase, V-phase, and W-phase motor currents, and 
an input current Ip inputted to the inverter 20 are shown. 

The signal Gul is the reverse of the signal Guh, the signal 

30 Gvl is the reverse of the Gvh, and the signal Gwl is the reverse 
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of the signal Gwh. 
[0023] 

The input of the signals Guh, Gvh, Gwh^ Gul, Gvl^ and Gwl 
to the gates of the semiconductor switches SuH, SvH, SwH^ SuL, 
5 SvL, and SwL, respectively, causes alternating voltages 
respectively having the same amplitudes as the U-phase, V-phase^ 
and W-phase fundamental wave signals and depending on an input 
voltage inputted to the inverter 2 0 (i.e., a voltage across 
between the P and N terminals) to occur at the phase terminals, 
10 respectively. 
[0024] 

By changing the amplitude of each phase fundamental wave 
signal, the amplitude of the voltage which appears at each phase 
terminal can be changed. Furthermore, by changing the phase 
15 of each phase current and that of each phase fundamental wave 
signal, the voltage which appears at each phase terminal and 
the phase of each phase current can be changed. 
[0025] 

The ratio of the amplitude of each fundamental wave signal 
20 to the zero-peak value of the carrier signal of the inverter 
20 (i.e., fundamental wave amplitude/ inverter carrier 
zero-peak value) is called the percentage of modulation. When 
the phase of a phase current and that of a corresponding 
fundamental wave signal are <|>, cos(t> is called the power factor. 
25 [0026] 

Next, an operation of the DC/DC converter 40 will be 
explained. 

Fig. 4 is a diagram for explaining a voltage raising 
operation of the DC/DC converter 40. In the voltage raising 
30 operation, the flow of power is directed from the high-voltage 
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battery 50 toward the inverter 20. In the figure, the carrier 
signal of the DC/DC converter 4 0, a voltage raising ratio 
command value, the gate signal Gl of the switch SL which is 
generated by a comparison between the carrier signal of the 
5 DC/DC converter and the voltage raising ratio command value, 
a current XL which flows into the choke coil L, and an output 
current lo of the DC/DC converter 40 are shown. 
[0027] 

Here, the voltage raising ratio command value (referred 
10 to as the voltage raising ratio from here on) is expressed by 
Vin/Vpn, where an input voltage inputted to the DC/DC converter 
40 is ViN, and an output voltage of the DC/DC converter 40 ( = 
the voltage across the DC link capacitor 30 = the input voltage 
of the inverter 20) is Vpn. 
15 The choke coil current XL is a direct current on which 

a ripple is superimposed. The amplitude of the ripple of the 
choke coil current XL varies dependently upon the inductance 
of the choke coil L, and the larger inductance the choke coil 
has the smaller amplitude the ripple has. The output current 
20 lo is a pulse-shaped current. The voltage raising operation 
can be controlled by controlling the gate signal Gl of the switch 
SL as shown in the figure. 
[0028] 

Next, a voltage lowering operation of the DC/DC converter 
25 40 will be explained with reference to Fig. 5. In the voltage 
lowering operation, the flow of power is directed from the 
inverter 20 toward the high-voltage battery 50. 

In the figure, the carrier signal of the DC/DC converter 
40, the voltage raising ratio, the gate signal Gh of the switch 
30 SH which is generated by a comparison between the carrier signal 
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of the DC/DC converter and the voltage raising ratio coimnand 
value, the current IL which flows into the choke coil and 
the output current lo of the DC/DC converter 40 are shown. 
[0029] 

5 As in the case of the voltage raising operation, the choke 

coil current IL is a direct current on which a ripple is 
superimposed, and the output current lo is a pulse-shaped 
current. The voltage lowering operation can be controlled by 
controlling the gate signal Gh of the switch SH, as shown in 
10 the figure. 
[0030] 

Next, an operation (minimization operation) of reducing 
the ripple current which flows into the DC link capacitor 30 
of the motor driving apparatus in accordance with embodiment 

15 1 of the present invention will be explained. 

Fig. 6 is a diagram for explaining the ripple current which 
flows into the DC link capacitor 30. In the figure, the carrier 
signal of the DC/DC converter 40, the carrier signal of the 
inverter 20, the input current Ip inputted to the inverter 20, 

20 the output current lo of the DC/DC converter 40, and the current 
leap which flows through the DC link capacitor 30 are shown - 
[0031] 

In this case, the period of the carrier signal of the 
inverter 20 is set to 100 steps and the period of the carrier 
25 signal of the DC/DC converter 40 is set to 50 steps. 1000 steps 
from step 0 to step 999 are shown in the figure. In this case, 
the percentage of modulation is 0.7, the power factor is 0.8, 
and the voltage raising ratio is 1.8. 
[0032] 

30 In accordance with embodiment 1, the carrier signal of 
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the DC/DC converter 4 0 is synchronized with the carrier signal 
of the inverter 20, and the frequency of the carrier signal of 
the DC/DC converter 40 is set so as to be twice as high as that 
of the carrier signal of the inverter 20. 
5 As shown in the figure, a case where the time when the 

carrier signal of the inverter 20 has a peak value coincides 
with the time when the carrier signal of the DC/DC converter 
40 has a peak value every two periods is defined as a case where 
the phase difference between the carrier signal of the DC/DC 
10 converter 40 and the carrier signal of the inverter 20 is 0. 
[0033] 

The reason why the frequency of the carrier signal of the 
DC/DC converter 40 is set so as to be twice as high as that of 
the carrier signal of the inverter 20 is because the period of 

15 the input pulse-shaped current Ip inputted to the inverter 20 
is one-half as high as that of the carrier signal of the inverter 
20, as can be seen from the figure. Since the current leap which 
flows into the DC link capacitor 30 can be obtained from the 
equation (1), it can be assumed that the current leap can be 

20 reduced if the input current Ip inputted to the inverter 20 
coincides with the output current lo of the DC/DC converter 40. 
leap = Ip - lo ( 1 ) 

[0034] 

Fig. 7 shows a case where the phase difference between 
25 the carrier signal of the DC/DC converter and the carrier signal 
of the inverter is set to 11 steps under the conditions shown 
in Fig. 6. As can be seen from a comparison between Figs. 6 
and 7, the current leap which flows into the DC link capacitor 
30 can be reduced on the same conditions as shown in Fig. 6 when 
30 the phase difference is set to 11 steps. 
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[0035] 

As mentioned above ^ when the period of the carrier signal 
of the DC/DC converter 40 is synchronized with that of the 
carrier signal of the inverter 20, the period of the carrier 
5 signal of the DC/DC converter is set so as to be one-half as 
high as that of the carrier signal of the inverter, and the phase 
difference between the carrier signal of the DC/DC converter 
and the carrier signal of the inverter is set appropriately, 
the ripple current which flows into the DC link capacitor 30 

10 can be reduced • 

A process of changing the phase difference between the 
carrier signal of the inverter 2 0 and the carrier signal of the 
DC/DC converter 40 is carried out by a microcomputer disposed 
in the control circuit 60 . As an alternative, the microcomputer 

15 disposed in the control circuit 60 can be so constructed as to 
output a synchronizing signal which is synchronized with the 
carrier signal of the inverter 2 0 and a phase difference 
indicated value (an analog value or 8-bit digital value), and 
to cause a control circuit of the DC/DC converter 40, which is 

20 disposed in the control circuit 60, to operate according to 
those signals, so that the phase difference between the carrier 
signal of the inverter and the carrier signal of the DC/DC 
converter is adjusted to a target value. 
[0036] 

25 Even if the carrier signal of the DC/DC converter 40, and 

the carrier signal of the inverter 20 are not adjusted in such 
a way as shown in Fig. 7, the ripple current which flows into 
the DC link capacitor 30 can be reduced sufficiently as long 
as the frequency of the carrier signal of the DC/DC converter 

30 40 is set so as to be 10 or more times as high as that of the 
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carrier signal of the inverter 20. However, when the carrier 
frequency of the DC/DC converter 40 is increased, the loss of 
the current increases and it is necessary to enlarge the whole 
apparatus in order to remove the heat generated due to the loss 
5 of the current. 
[0037] 

Figs. 8 to 12 show results of calculation of the effective 
value of the current leap which flows into the DC link capacitor 
30 at the time of changing the phase difference between the 

10 carrier signal of the DC/DC converter 40 and the carrier signal 
of the inverter 20 under various conditions that the voltage 
raising ratio, the percentage of modulation of inverter 20, and 
the power factor are varied widely. 

In the calculation, the frequency of the carrier signal 

15 of the DC/DC converter 40 is set so as to be twice as high as 
that of the inverter carrier signal frequency, and they are 
synchronized with each other. 
[0038] 

Fig. 8 shows calculation results in a case where the 
20 voltage raising ratio is 1.2, Fig. 9 shows calculation results 
in a case where the voltage raising ratio is 1.4, Fig. 10 shows 
calculation results in a case where the voltage raising ratio 
isl.6. Fig. 11 calculation results in a case where the voltage 
raising ratio is 1.8, and Fig. 12 shows calculation results in 
25 a case where the voltage raising ratio is 2.0. In each of these 
figures, graphs showing calculation results in cases where the 
percentage of modulation is set to 1.0, 0.8, 0.6, 0.4, and 0.2, 
respectively, are illustrated. In each graph, calculation 
results for every power factor are shown. A positive power 
30 factor shows a case where the DC/DC converter 40 performs a 
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voltage raising operation, whereas a negative power factor 
shows a case where the DC /DC converter 40 performs a voltage 
lowering operation. 

The horizontal axis of each graph shows the phase 
5 difference between the carrier signal of the DC/DC converter 
40 and the carrier signal of the inverter 20, and the vertical 
axis of each graph shows the current effective value (relative 
value) of the DC link capacitor 30. 
[0039] 

10 Fig, 8 shows that an optimal phase difference which 

minimizes the current value corresponds to 4 steps regardless 
of the percentage of modulation and the power factor under the 
conditions that the voltage raising ratio is 1.2. 

In addition, it is clear from Figs. 8 to 12 that the optimal 

15 phase difference does not depend on the percentage of modulation 
and the power factor, but depends only on the voltage raising 
ratio. 

To be more specific, it is clear from Fig. 9 that the 
optimal phase difference under the conditions that the voltage 

20 raising ratio is 1.4 corresponds to 7 steps, it is clear from 
Fig. 10 that the optimal phase difference under the conditions 
that the voltage raising ratio is 1.6 corresponds to 9 steps, 
it is clear from Fig. 11 that the optimal phase difference under 
the conditions that the voltage raising ratio is 1 . 8 corresponds 

25 to 11 steps, and it is clear that the optimal phase difference 
under the conditions that the voltage raising ratio is 2 
corresponds to 12 steps. 

Fig. 13 shows the optimal phase difference between the 
carrier signal of the DC/DC converter 40 and the carrier signal 

30 of the inverter 2 0 which depends on the voltage raising ratio. 
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[0040] 

As mentioned above, according to embodiment 1, when the 
period of the carrier signal of the DC/DC converter 40 is 
synchronized with that of the carrier signal of the inverter 

5 20, and the frequency of the carrier signal of the DC/DC 
converter 40 is set so as to be twice as high as that of the 
carrier signal of the inverter 20, the current leap which flows 
into the DC link capacitor 30 can be minimized by setting the 
phase difference between the carrier signal of the DC/DC 

10 converter 40 and the carrier signal of the inverter 2 0 to an 
optimal value determined by the voltage raising ratio, and the 
DC link capacitor 30 can be therefore downsized. 
[0041] 

Embodiment 2 . 

15 In accordance with embodiment 1 , the period of the carrier 

signal of the DC/DC converter 40 is synchronized with that of 
the carrier signal of the inverter 20, and the frequency of the 
carrier signal of the DC/DC converter 40 is set so as to be twice 
as high as that of the carrier signal of the inverter 20. In 

20 contrast, in accordance with embodiment 2, the frequency of the 
carrier signal of the DC/DC converter 40 is set so as not to 
be twice as high as that of the carrier signal of the inverter 
20, and the phase difference between the carrier signals is 
optimized. 

25 [0042] 

Fig. 14 shows a relationship between the phase difference 
between the carrier signal of the DC/DC converter 40 and the 
carrier signal of the inverter 20, and a result of calculation 
of the ripple current leap which flows into the DC link capacitor 
30 30 under various conditions in a case where the period of the 
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carrier signal of the DC/DC converter 40 is synchronized with 
that of the carrier signal of the inverter 20, and the frequency 
of the carrier signal of the DC/DC converter 40 is set so as 
to be three times as high as that of the carrier signal of the 
5 inverter 20. 
[0043] 

Fig. 14 shows graphs in cases which the voltage raising 
ratio is set to 1.6, and the percentage of modulation is set 
to 1.0, 0.8, and 0.6, respectively. As can be seen from the 

10 figure, in accordance with embodiment 2, the optimal phase 
difference between the carrier signal of the DC/DC converter 
40 and the carrier signal of the inverter 20, which minimizes 
the current leap which flows into the DC link capacitor 30, 
differs dependently upon the percentage of modulation and the 

15 power factor even though the voltage raising ratio is held 
constant. 

Although calculation results in a case of other voltage 
raising ratio values are not shown, similar calculation results 
are also obtained even in a case of other voltage raising ratio 
20 values . 
[0044] 

Thus, according to embodiment 2 of the present invention, 
when the frequency of the carrier signal of the DC/DC converter 
40 is set so as not to be twice as high as that of the carrier 

25 signal of the inverter 20, the phase difference between the 
carrier signals is set to an optimal value determined by a 
combination of the voltage raising ratio, the percentage of 
modulation, and the power factor. Therefore, this embodiment 
does not produce a larger effect than embodiment 1, but offers 

30 an advantage of being able to reduce the current leap which flows 
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into the DC link capacitor 30. 
[0045] 

Embodiment 3 • 

Fig. 15 is a diagram showing the structure of a motor 
5 driving apparatus 101 in accordance with embodiment 3 of the 
present invention. The same numerals as shown in Fig. 1 denote 
the same components as those shown in Fig. 1. The motor driving 
apparatus in accordance with this embodiment differs from that 
of embodiment 1 in that a DC/DC converter 41 is a multi-phase 
10 converter (in this case, a two-phase one) . The DC/DC converter 
41 is provided with a DC/DC converter 41a and a DC/DC converter 
41b. 

A multi-phase DC/DC converter is comprised of two or more 
DC/DC converters connected in parallel with each other, and 

15 operates in such a manner that the outputs of the two or more 
DC/DC converters are out of phase with one another. The merit 
of using the multi-phase DC/DC converter 41 is to reduce a ripple 
current which flows into an input voltage smoothing capacitor 
Cin and a ripple current which flows into a DC link capacitor 

20 30. On the other hand, the demerit of using the multi-phase 
DC /DC converter is to make a control circuit 60 become 
complicated since it is necessary to control the two or more 
DC/DC converters of the multi-phase DC/DC converter. 
Therefore, the multi-phase DC/DC converter 41 is used when 

25 constituting a relatively large-scale DC/DC converter. 
[0046] 

Next, the operation of the motor driving apparatus in 
accordance with this embodiment of the present invention will 
be explained. 

30 First, an operation of the DC/DC converter 41 will be 
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explained. Although there are various methods of controlling 
the two-phase DC/DC converter 41, the motor driving apparatus 
in accordance with embodiment 3 uses a method of making the 
carrier signal of the DC/DC converter 41a and the carrier signal 
5 of the DC/DC converter 41b be 180 degrees out of phase with each 
other. 

Fig. 16 is a diagram for explaining a voltage raising 
operation of the DC/DC converter 41. 

In the figure, the waveforms of the carrier signals of 

10 the DC/DC converters 41a and 41b, Gil and G12 signals for 
controlling semiconductor switches SLl and SL2, respectively, 
currents ILl and IL2 which flow into choke coils Ll and L2, 
respectively, an output current lol of the DC/DC converter 41a, 
an output current Io2 of the DC/DC converter 41b, and an output 

15 current lo of the DC/DC converter 41 are shown. 
[0047] 

As shown in the figure, the carrier signals of the DC/DC 
converters 41a and 41b are triangular wave signals, and the Gil 
and G12 signals, and Ghl, and Gh2 signals are formed based on 

20 comparisons between the carrier signals and the voltage raising 
ratio. Only the Gil and G12 signals are shown in the figure. 
To be more specific, when the carrier signals of the DC/DC 
converters 41a and 41b have values smaller than the voltage 
raising ratio, the Gil and G12 signals go High and the switches 

25 SLl and SL2 switch to an on state, whereas when the carrier 
signals have values larger than the voltage raising ratio, the 
Gil and G12 signals go Low and the switches SLl and SL2 switch 
to an off state. 

The currents ILl and IL2 increase when the Gil and G12 

30 signals go High and the switches SLl and SL2 switch to an on 
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state ^ whereas the currents I LI and IL2 decrease when the 
switches SLl and SL2 switch to an off state . The voltage raising 
operation is controlled by continuously repeating this on/off 
operation of the switches SLl and SL2. 
5 [0048] 

When the period of each of the carrier signals is T and 
the on-duty of the Gil and G12 signals (i.e. , the interval that 
the Gil and G12 signals are held high/T) is D, the width of the 
pulse-shaped output currents lol and Io2 of the DC/DC converters 
10 41a and 41b can be given by (l-D) T. Therefore, the current 
pulses lol and Io2 having a pulse width of (l-D)T are 
alternately sent to the inverter 20 twice in total during each 
period. 

In other words, as compared with the one-phase DC/DC 
15 converter 40 according to embodiment 1 shown in Fig. 4, since 
the amplitude of the output current pulse of the two-phase DC/DC 
converter becomes about half of that of the one-phase DC/DC 
converter 40 and the number of the current pulses becomes twice 
that of the one-phase DC/DC converter 40, the current which 
20 flows into the DC link capacitor 30 can be reduced. 
[0049] 

Next, an operation of minimizing the ripple current which 
flows into the DC linlc capacitor 30 will be explained. 

Fig. 17 is a diagram showing a relationship between the 
25 carrier signal of the inverter 20 and the carrier signals of 
the DC/DC converters 41a and 41b. As shown in the figure, the 
frequency of the carrier signal of the inverter 20 is made to 
match with those of the carrier signals of the DC/DC converters 
41a and 41b. In addition, the phase difference between the 
30 carrier signal of the DC/DC converter 41a and the carrier signal 
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of the DC/DC converter 41b is 180 degrees as mentioned above ^ 

and is expressed by T/2 when one period is T. 

[0050] 

Next, requirements on the phase difference x between the 
5 carrier signal of the inverter 20 and the carrier signal of the 
DC/DC converter 41a, which minimize the ripple current which 
flows into the DC link capacitor 30, will be explained. 

Fig. 18 is a diagram showing a relationship between the 
phase difference T and the ripple current leap when the 

10 percentage of modulation is set to 1 and the power factor is 
set to 1 as the driving conditions of the inverter 20. The 
horizontal axis shows a value indicating the phase difference 
T with the number of steps, and the vertical axis shows a 
relative value indicating the effective value of the ripple 

15 current leap- In this figure, a relationship between the phase 
difference T and the ripple current leap in the case of the 
voltage raising ratio =1.5 and a relationship between the phase 
difference T and the ripple current leap in the case of the 
voltage raising ratio = 2.5 are shown. In the case of the 

20 voltage raising ratio = 2, since the on-duty D of the DC/DC 
converters 41a and 41b is 0.5 and the current lo becomes a DC 
current, no optimal phase difference exists. In other words, 
no matter what phase difference the carrier signal of the 
inverter and the carrier signal of the DC/DC converter have, 

25 there is no change in the ripple current. 
[0051] 

As shown in Fig. 18, the ripple current leap under a 
certain driving condition can be reduced to a minimum by setting 
the phase difference so that it meets optimal requirements, as 
30 in the case of embodiment 1. The optimal phase difference 



24 

requirements can be defined according to the voltage raising 
ratio, as in the case of embodiment 1. 

Fig. 19(a) shows a relationship between the power factor 
and the optimal phase difference when the percentage of 
5 modulation is 1, and the Fig. 19(b) shows a relationship between 
the percentage of modulation and the optimal phase difference 
when the power factor is 1. It is clear from the figures that 
the optimal phase difference requirements do not change with 
changes in the percentage of modulation and the power factor. 
10 Although Fig. 19(a) shows only results in the case of the 
percentage of modulation = 1, and Fig. 19(b) shows only results 
in the case of the power factor = 1, similar results are obtained 
in the case of other percentages of modulation and other power 
factors . 

15 Fig. 20 is a diagram showing a relationship between the 

voltage raising ratio and the optimal phase difference. 

A process of changing the phase difference between the 
carrier signal of the inverter 20 and the carrier signal of the 
DC/DC converter 41 can be carried out, as in the case of 

20 embodiment 1 . 
[0052] 

As mentioned above, in accordance with embodiment 3, the 
frequency of the carrier signal of the DC/DC converter 41 is 
made to be equal to that of the carrier signal of the inverter 

25 20, the phase difference between the carrier signal of the DC/DC 
converter 41a and that of the DC/DC converter 41b is set to 180 
degrees (i.e., T/2), and the phase difference between the 
carrier signal of the inverter 20 and the carrier signal of the 
DC/DC converter 41 is set to an optimal value determined by the 

30 voltage raising ratio. Therefore, the present embodiment 
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offers an advantage of being able to reduce the ripple current 
leap which flows into the DC link capacitor 30, like embodiment 
1. 

[0053] 
5 Embodiment 4 . 

A motor driving apparatus according to embodiment 4 has 
the same structure as that of embodiment 3, and the fundamental 
operation of a DC/DC converter according to embodiment 4 is the 
same as that of the DC/DC converter of embodiment 3. 

10 In accordance with embodiment 4, the frequency of the 

carrier signal of the DC/DC converter 41 is set to be twice as 
high as that of the carrier signal of the inverter 20- In this 
case, the method of setting the phase difference between the 
carrier signal of the inverter 20 and the carrier signal of the 

15 DC/DC converter 41 to an optimal value which minimizes the 
ripple current leap which flows into the DC link capacitor 30 
differs from that of embodiment 3. 

Since the drive frequency of the DC/DC converter 41 is 
twice as high as that of embodiment 3, this embodiment 4 has 

20 the merit of reducing the inductances of the choke coils LI and 
L2 of the DC/DC converter 41, and hence downsizing the choke 
coils Ll and L2 • 
[0054] 

Fig. 21 is a diagram showing a relationship between the 
25 carrier signal of the inverter 20 and the carrier signals of 
the DC/DC converters 41a and 41b in accordance with embodiment 
4. As shown in the figure, the frequency of the carrier signals 
of the DC/DC converters 41a and 41b is twice as high as that 
of the carrier signal of the inverter 20* In the figure, Aei 
30 shows a phase difference between the average of the carrier 
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signals of the DC/DC converters 41a and 41b, and the carrier 
signal of the inverter 20, and Ae2 shows a phase difference 
between the above-mentioned average and the carrier signals of 
the DC/DC converters 41a and 41b. In accordance with embodiment 
5 4, the phase differences AGl and Ae2 are used as parameters 
instead of the phase difference T • 
[0055] 

Next, a method of calculating an optimal value of each 
of the phase differences AGl and Ae2 will be explained. Fig. 

10 22 is a diagram showing a relationship between A91 and the ripple 
current leap which flows into the DC link capacitor 30 . In this 
case, Ae2 = 0, the driving conditions of the inverter 20 are 
defined as the percentage of modulation = 1 and the power factor 
= 1, and the voltage raising ratio of the DC/DC converter 41 

15 is set to 2. The horizontal axis shows the phase difference 
Aei expressed as a percentage, and the vertical axis shows a 
relative effective value of the ripple current leap. As shown 
in the figure, there exists an optimal value of AGl that 
minimizes the ripple current leap . When A02 = 0 , since the DC/DC 

20 converters 41a and 41b are made to operate simultaneously, the 
driving conditions of the motor driving apparatus are the same 
as those of the motor driving apparatus of embodiment 1 . 
[0056] 

Fig. 23 is a diagram showing a relationship between A92 
25 and the ripple current leap which flows into the DC link 
capacitor 30 when the phase difference AGl is fixed to its 
optimal value shown in Fig. 22. The driving conditions and 
requirements on the voltage raising ratio of the inverter 20 
are the same as those shown in Fig. 22. The horizontal axis 
30 shows the phase difference A92 expressed as a percentage, and 
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the vertical axis shows a relative effective value of the ripple 
current leap. As shown in the figure, there exists an optimal 
value of LQ2 that minimizes the ripple current leap. 
[0057] 

5 Fig. 2 4 is a diagram showing a relationship between the 

percentage of modulation at each power factor and the optimum 
value of AGl at the time when Ae2 is fixed to 0. In this case, 
the voltage raising ratio is set to 2 . As shown in the figure, 
the optimum value of A91 is not influenced by the percentage 

10 of modulation and the power factor. Fig. 2 5 is a diagram showing 
a relationship between the percentage of modulation for each 
power factor and the optimum value of A02 at the time when A91 
is set to its optimal phase difference. The voltage raising 
ratio is set to 2 , as in the case of Fig. 24. As shown in the 

15 figure, the optimum value of Ae2 does not depend on the power 
factor, but depends on the percentage of modulation. 
[0058] 

A method of determining the optimal value of each of A01 
and A92 in accordance with embodiment 4 will be explained. Fig. 

20 2 6 is a diagram showing a relationship between the voltage 
raising ratio and the optimal value of A61, and Fig. 27 is a 
diagram showing a relationship between the percentage of 
modulation and the optimal value of A92 at the time when A91 
is set to its optimal value. In accordance with embodiment 4, 

25 the optimal value of A91 according to the voltage raising ratio 
is determined based on Fig. 26 first. Then, the optimal value 
of A92 according to the percentage of modulation for each 
voltage raising ratio is determined based on Fig. 27. 
[0059] 

30 As mentioned above, in accordance with embodiment 4, the 
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frequency of the carrier signal of the DC/DC converter 41 is 
set so as to be twice as high as that of the carrier signal of 
the inverter 20, the phase difference between the carrier signal 
of the inverter 20 and the carrier signal of the DC/DC converter 
5 41 is set to an optimal value determined by the voltage raising 
ratio, while the phase difference between the carrier signals 
of the DC/DC converters 41a and 41b is set to an optimal value 
determined by the percentage of modulation of the inverter 20. 
As a result, the ripple current leap which flows into the DC 
10 link capacitor 30 can be reduced, as in the case of embodiment 
1. 

The process of changing AGl and A92 can be carried out, 
as in the case of embodiment 1 . 
Industrial Applicability 
15 [0060] 

As mentioned above, the present invention is suitable for 
provision of a small-sized motor driving apparatus which can 
reduce the ripple current which flows into the DC link 
capacitor . 



